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• Friction mechanisms were reviewed and compared between a FPE and CSE.
• Sub-models were developed to describe friction force from friction mechanisms.
• FPE doesn’t show advantage on piston ring friction force over the CSE.
• Total friction loss of the FPE is nearly half of the CSE.
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A B S T R A C T
Friction work in free-piston engines is expected to be lower than in crankshaft engines due to the elimination of
the crank mechanism. In this paper, friction mechanisms were reviewed and compared between a free-piston and
crankshaft engine of similar size. The main friction mechanisms were identified to be the piston assembly in-
cluding piston rings and piston skirt, valve train system, the crank and bearing system for the CSE, and the linear
electric generator for the FPE. The frictional loss of each friction mechanism was estimated and discussed. A
Stribeck diagram was used to simulate the piston ring friction during hydrodynamic lubrication, mixed lu-
brication, and boundary condition. It is found that the FPE doesn’t show advantage on piston ring friction force
over the CSE, and the frictional loss from the piston ring is even higher. While the elimination of the crankshaft
system reduces the frictional loss of the FPE, and the total friction loss of the FPE is nearly half of the CSE.
1. Introduction
1.1. FPE technology
The free-piston engine (FPE) is considered a promising alternative
to the conventional crank shaft engines (CSEs) [1–5]. FPEs can be di-
vided into three categories according to piston/cylinder configuration:
single piston, dual piston and opposed piston [6]. A general introduc-
tion of different FPE configurations is summarised in Table 1. The basic
operation principles are equal for each concept; differences between the
concepts are the number of combustion chambers and compression
stroke realization [7,8].
A single piston FPE consists of a combustion chamber, and a load
and rebound device. The load and rebound devices could be electric
generator, gas spring chamber or hydraulic pump [9–12]. There has
been successful implementation of the single piston type, coupled with
a gas spring rebound chamber [13–15]. The opposed piston FPE was
used almost exclusively in the early stage of the FPE development
(1930–1960). It served successfully as air compressors and later as gas
generators in large-scale plants [16,17]. This kind of FPE configuration
essentially consists of two opposed pistons with a shared combustion
chamber [18]. The dual piston (or dual combustion chamber) config-
uration has been topic for much of the recent research in free-piston
engine technology. A number of dual piston designs have been pro-
posed and a few prototypes have emerged, both with hydraulic and
electric power output [19–26].
1.2. Reported work on FPE frictional losses
An analysis of engine friction mechanisms in four stroke spark ig-
nition and diesel engines is presented by Heywood [27]. An approx-
imate breakdown of rubbing and accessory friction is: piston assembly
50%; valve train 25%; crankshaft bearings 10%; accessories 15% [27].
Friction work in the FPE is expected to be lower than that of the CSE
due to the elimination of the crank mechanism. Thus the friction in the
wrist pin, big end, crankshaft, camshaft bearings, the valve mechanism,
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gears, or pulleys and belts which drive the camshaft and engine ac-
cessories is removed [28,29]. As a result, the friction model is usually
simplified during modelling of FPE systems.
Some previous reported work didn’t take the friction force into
consideration in the 0/1 dimensional numerical model of the FPEs, as it
was considered minimal compared with the pressure force from the
cylinder, and does not influence dynamic behaviour to any great extent
[29]. In order to improve the model accuracy and have some re-
presentation of frictional losses, a constant value was used to simulate
the friction force during the movement of the piston with the mover of
the linear electric generator, and the direction of the friction force was
assumed to be opposite with the piston velocity [30–33]. The constant
value was usually assumed to be 60–100 N [34].
The total friction force Ff of each piston has also been estimated as a
linear combination of piston velocity plus a constant Cs, as shown in the
equation below [17]:
= +F C v C·f k s (1)
Ck is the kinetic friction coefficient related to the instantaneous velo-
city, and the Cs is the static friction coefficient as a constant part of the
frictional force.
Boru Jia, et al. divided the friction force of the FPEG to three
components: friction force from the linear electrical machine (Ffm) and
friction forces between the piston rings and cylinder wall from both left
(Ffl) and right side (Ffr) of the engine. The total friction force was
written as follows [34,35]:
= + +F F F Ff fm fl fr (2)
The friction of linear electrical machine comes from the contact of
the mover and the stator. It was assumed to be constant as the velocity
of the piston is low. An empirical relationship was used to calculate the
parameterized friction for the contact between rings and cylinder wall
[19], which was written as in Eq. (3). The frictional loss of the FPE was
reported to be around 5% of the indicated power from the simulation
results, while it was approximately 10% of the indicated power for the
CSE [34].
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In Eq. (3), f is the overall scaling factor (-); v is axial velocity of piston
(m/s); Af is friction parameter (-); Bf is friction parameter (-); Kv is
friction parameter (-); E is the average temperature of lubrication oil at
liner (°C); d is cylinder diameter (mm); p is simultaneous in-cylinder
pressure (bar); θ0 is reference temperature (°C); p0 is reference pressure
(1 bar); d0 is reference cylinder diameter (165mm).
Chenheng Yuan undertook an investigation on the friction char-
acteristics of piston rings in a free-piston engine generator [36,37]. The
pressure distribution and thickness of the oil film were described by the
Reynolds equation. The detailed effects of the piston dynamics on
friction force and lubrication were studied and compared with that of a
CSE. It was found that the average value of the friction force, frictional
loss of the piston rings in the FPE were less than that of the CSE due to a
better lubrication around the dead centre. The friction loss advantage of
piston rings were reported to be not as obvious as expected [36].
1.3. Aims and methodologies
The FPEs have been studied and developed over a long time. One of
the most common motivations for continued work on the topic is the
purported friction advantages due to the lack of crankshaft. However,
very few studies have actually calculated the friction of FPEs. This
paper is an attempt to fill in this missing information. In this paper, all
the engine friction mechanisms will be reviewed and compared with a
CSE of similar size. Detailed sub-models will be developed to describe
the friction force from the piston assembly friction, the piston skirt
friction, as well as the bearing friction. The frictional loss of the two
engines will be compared to give a better understand of the lubrication
condition and efficiency of them.
2. FPE technology and fundamental characteristics
2.1. FPE configuration
The FPE configuration adopted in this research is shown in Fig. 1,
and comprises a combustion cylinder, a bounce chamber cylinder, and a
permanent magnet linear electric machine. The two pistons are con-
nected with the mover of the linear electric machine, and this assembly
forms the only significant moving part of the system. The piston
movement is influenced by the instantaneous balance of cylinder gas
pressure forces, electric machine force, and frictional forces. More de-
tails of this FPE configuration can be found in our previous reports
[11,31,38]. The real time displacement data of the piston is from the
position sensor integrated with the linear electric machine, which is
also used for proving position feedback to the linear electric machine.
The FPE specifications are shown in Table 2.
The engine is operated on a turbocharged two-stroke diesel cycle,
the gas exchange process is performed through scavenging ports and
exhaust poppet valves in the cylinder head. The amount of gas trapped
in the bounce chamber is regulated by pressure control valves, which
affect the corresponding piston movement. The linear electric machine
is operated as a motor during the engine cold start-up process, and then
switched to an alternator to generate electricity. Successful im-
plementations of engine cold start-up process using the linear electric
machine have been reported [2,39]. Detailed modelling of the FPE
system has been published in previous papers, as well as the model
validation results. For more information on the numerical model of
each sub-system, and detailed simulation results, please refer to Ref.
[11,31,34].
2.2. Dynamic and thermodynamic difference with CSE
The piston dynamics of the FPE and cylinder pressure are shown in
Figs. 2 and 3 respectively, with that of a CSE (with a crankshaft radius
to connecting rod length ratio of 0.3) compared in the same figure. It
can be seen that the piston movement near TDC is faster for the FPE due
to the elimination of the mechanical connection system, while the peak
velocity is lower. The peak cylinder pressure of the FPE is approxi-
mately the same as that of the CSE. As the friction force is likely to be
influenced by the piston velocity as well as the cylinder pressure, the
friction force of the FPE is expected to differ from that of the CSE due to
the differences shown in Figs. 2 and 3.
Table 1
Free-piston engine configurations [6].
Type Illustration Main characteristics
Single
piston
• Simple and easy to control.•
Unbalanced.• Counterweights
may be used.
Opposed
piston
• Intrinsically balanced.•
Vibration free with equal piston
masses.• Piston synchronization
required.
Dual
pistons
• Higher power density and
efficiency.• Compact design.•
Unbalanced.• Relatively difficult
to control.
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The changing trends of cylinder pressure and piston velocity with
time of both engines are compared in Fig. 4. Despite the peak pressures
achieved in the FPE and CSE being nearly the same, the peak pressure
of the CSE achieved earlier than that of the FPE due to an earlier
combustion start timing. For the CSE, the peak piston velocity during
(ķExhaust poppet valves; ĸScavenging ports; ĹCommon rail fuel injection; ĺLinear electric machine; ĻBounce 
chamber; ļBounce chamber pressure control valves; ĽTurbocharger compressors; ľTurbocharger turbine.) 
Fig. 1. FPE configuration [31]. (①Exhaust poppet valves; ②Scavenging ports; ③Common rail fuel injection; ④Linear electric machine; ⑤Bounce chamber; ⑥Bounce
chamber pressure control valves; ⑦Turbocharger compressors; ⑧Turbocharger turbine.)
Table 2
FPE system specifications [31].
Parameters [unit] Value
Maximum stroke [mm] 150.0
Combustion chamber bore [mm] 131.0
Scavenging ports height [mm] 22.0
Piston and mover moving mass [kg] 22.0
Bounce chamber bore [mm] 150.0
Exhaust back pressure [bar] 1.5
Boost pressure [bar] 1.68
Fig. 2. Comparison of piston velocity vs displacement.
Fig. 3. Comparison of cylinder pressure vs displacement.
Fig. 4. Cylinder pressure and piston velocity vs time.
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the compression stroke is the same as that of the expansion stroke,
while for the FPE, the peak piston velocity during the expansion process
is higher than that during the compression stroke, and since the piston
motion is not mechanically restricted but controlled by the in-
stantaneous pressures acting on the piston assembly. All of the differ-
ences above are expected to contribute to differences in friction be-
tween the CSE and the FPE.
2.3. Friction mechanisms identification
A comparison of the main friction mechanisms of the FPE and CSE is
shown in Table 3. The main friction mechanism for a CSE are piston
assembly, valve train system and crankshaft bearings. The friction
mechanism from the assembly can be divided into the top ring, second
ring, oil ring (for diesel engine), and piston skirt. For the FPE, piston
skirt is not necessarily to be used to guide the piston motion as the
piston movement in a FPE is linear without any rotation around the
piston pin, and even if a piston with a skirt is used, it will not contribute
to frictional losses as there is no side forces from the connecting rod
acting on the piston in the FPE. For the FPE, however, there would be
friction from the linear electric generator being an integral part of the
piston assembly. Numerical model for each friction mechanism and
simulation results will be provided in the following sections.
3. Piston assembly friction
3.1. Methodology
3.1.1. Ring friction characteristics
There have been many theoretical and empirical models developed
on piston ring assembly friction. The numerical model adopted in this
research is based on fundamental lubrication theory, which has been
verified by test data from a single cylinder diesel engine [40,41]. The
piston ring assembly friction mainly includes friction from the piston
rings and the piston skirt, which will be modelled separately. It has
been reported that the lubrication between piston rings and the liner
changes from the boundary condition, to mixed lubrication, then to
hydrodynamic in the middle region of the piston stroke. Boundary
conditions usually happens around the piston dead centres, and it is
followed by mixed lubrication [40]. Hydrodynamic lubrication dom-
inates in the full stroke [42]. An illustration of the Stribeck diagram is
shown in Fig. 5.
A correlation between the friction coefficient f and the duty para-
meter S is developed according to the Stribeck diagram.
The duty parameter S is defined by [40]:
=S μ v
P L
·| |
·
,p (4)
where μ is the viscosity of the lubrication oil (Unit: Pa/s); vp is the
piston velocity (m/s); P is the effective pressure behind the ring (in-
cluding pressure due to ring tension and gas pressure) (Pa); and L is the
height of the piston ring (m).
An SAE 30 oil is chosen as the lubrication oil due to its strong in-
crease in viscosity with decreasing temperature. The temperature de-
pendence of the oil viscosity at low shear rate is given by [44]:
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where κ (cSt), θ1 (°C), and θ2 (°C) are parameters in the Vogel equation
with a value of 0.0246, 1432.3, and 132.9 respectively; T is the liner
temperature (°C); and ρ is the density of the oil, which is set to
888.0 kg/m3.
In the hydrodynamic lubrication regime, the friction force from the
shearing of the viscous lubricant between the surfaces is inversely
proportional to the lubrication oil film thickness, which is given by
[43]:
=F μA v
h
,fr
c p
(7)
where Ac is the lubricated contact area, and h is the oil film thickness.
Then the fictional coefficient can be written by:
=f μv
hPr
p
(8)
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3.1.2. Piston ring friction
For the hydrodynamic lubrication, fr is almost in a linear relation-
ship with the square root of S, which can be described by [41]:
=f C S· ,r m (13)
where C andm are functions only of the curvature of the piston profile.
In this research, C is set to 2.0, and m is set to 0.5.
A critical value of S is estimated at ≅ −S 1.0cr 4 to describe the
transition from mixed to hydrodynamic lubrication. For the mixed lu-
brication, a linear correlation is adopted [41]:
Table 3
Main friction mechanisms of FPE and CSE.
Friction mechanisms FPE CSE
Piston assembly Piston rings Yes
Piston skirt No
Crankshaft bearings No Yes
Valve trains Yes Yes
Linear electric generator Yes No
Fig. 5. The Stribeck diagram [43].
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= − +f f S S f S S(1 / ) ( / ),r cr cr cr0 (14)
where f0 is the dry friction coefficient of the two rubbing metal and fcr is
the critical value of the friction coefficient.
In summary, the friction coefficient f can be written as:
= ⎧⎨⎩
− + <
⩾f
f S S f S S S S
C S S S
(1 / ) ( / );
· ;r
cr cr cr cr
m
cr
0
(15)
The final relation for the calculation of the piston ring friction force Ffr
is:
= −F f F sign v· ·( ( )),fr r N p (16)
where FN is pressure force and the tension acting on the piston ring.
During the calculation of the friction force of first ring, section ring, and
the oil ring, the values of L and FN will be different.
3.1.3. Piston skirt friction
The lubrication of the piston skirt is assumed to be hydrodynamic
lubrication throughout the full stroke. The friction coefficient of the
piston skirt fs is [41]:
=f C μ v
P L
| |
·
,s s
p
s s (17)
where Cs is the coefficient and is set to 2.5 in this research; Ps is the
pressure acting on the piston skirt (Pa); and Ls is the length of the piston
skirt (m).
Then the equation for the calculation of the piston skirt friction
force is:
= =F f F C F μ v
P L
·
| |
·
,fs s Ns s Ns
p
s s (18)
where FNs is the thrust force between piston and the liner (N).
3.2. Simulation results
3.2.1. Top ring friction characteristics
The friction force and the oil film thickness were calculated in
Matlab with the simulation results of the FPEG operation characteristics
(shown in Figs. 2–4) as input parameters. The simulation is perfor-
mance with an input of piston ring height of 3.0mm, and the simulation
results for the top ring are listed in Figs. 6–8. It is found that the
changing trend of the oil film is similar with that of the piston velocity.
The oil film is thin around the piston dead centres, and thick around the
piston middle stroke. The peak value of the oil film thickness of the CSE
is higher than that of the FPE, and it is achieved during the compression
stroke as well as the expansion stroke. For the PFE, the peak value
reached of the oil thickness during the expansion stroke is slightly
higher than that achieved during the compression stroke.
A comparison of the top piston ring friction is shown in Fig. 7. The
piston ring friction force is found to reverse its direction after piston top
dead centre (TDC), and reaches its peak value afterwards. The peak
value achieved during the compression stroke of the FPE (350 N) is
slightly higher than that of the CSE (300 N), while the peak value
achieved during the expansion stroke is almost the same for these two
engine types (approximately 450 N). The friction force around the
piston bottom dead centre (BDC) is minimal compared with the peak
friction force achieved.
The frictional power loss of the top piston ring for the CSE and FPE
is compared in Fig. 8. The frictional power is calculated by the in-
stantaneous piston velocity and the friction force of the top piston ring.
It is found that the peak frictional power of the FPE (around 2550W) is
much higher than that of the CSE (approximately 1750W). As the peak
friction force of the two engines is the almost the same from Fig. 7, the
reason for the frictional power difference is due to the velocity differ-
ence. As has been shown in Fig. 2, the piston velocity of the FPE is much
higher than that of the CSE shortly after piston TDC, i.e. when the peak
friction force is achieved.
The duty parameter and the absolute value of the friction force of
the top piston ring of the FPE are shown in Fig. 9. The piston dis-
placement and the absolute value of the piston velocity of the FPE are
shown in Fig. 10. The lubrication type is marked in the same figure
according to the value of the duty parameter. It is noticed that the
changing trend of the piston ring friction force is in accordance withFig. 6. Piston ring oil film thickness comparison.
Fig. 7. Piston ring friction comparison.
Fig. 8. Comparison on frictional power loss of top piston ring.
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that of the cylinder pressure. Piston ring friction force is minimal during
the hydrodynamic lubrication process despite with a high piston velo-
city, while a high cylinder pressure will reduce the duty parameter,
which will bring the lubrication condition to mixed lubrication from
hydrodynamic lubrication. As a result, both the load acting on the
piston ring and the friction coefficient will be increased, which will
then increase the friction force significantly.
3.2.2. Total piston ring friction
The frictional work of one piston ring,Wf can be calculated by:
∫=W F d x| |,f t t fi0 (19)
where t0 (s) is the time when the operation starts; ti (s) is the time when
one operation ends; and x (m) is the piston displacement.
Then the average power loss due to friction from one piston ring, Pf
is given by:
∫= =P W
T
F d x
T
| |
,f
f t
t
f
i
0
(20)
where T (s) is the operation duration.
From the literature, a typical ring friction contribution is: top ring
13%, second ring 12%, and oil ring 75% [45]. Due to the limitation of
the piston ring parameters, the friction force and the friction loss for the
second ring and oil ring will be estimated using the simulation results of
the top ring as well as the proportion above. The frictional losses from
each piston ring for the CSE and FPE are compared in Table 4. It is
found that the FPE doesn’t show any advantage on piston ring friction
force over the CSE, and the frictional loss from the piston ring is even
higher. Also, the cylinder pressure makes significant contribution to the
piston ring friction force for the FPE, in conjunction with the piston
velocity. As a result, it is not accurate to model the friction force to be
linear to the piston velocity only, as is common in the modelling of
FPEs.
3.2.3. Piston skirt friction
The friction force from the piston skirt of the CSE is shown in
Fig. 11, and the frictional power loss from the piston skirt is shown in
Fig. 12 with a piston skirt length of 120mm. As the lubrication between
the piston skirt and the liner is assumed to be hydrodynamic lubrica-
tion, the peak friction force from the piston skirt is lower than that from
the piston ring.
For traditional reciprocating engines, the function of piston skirt is
to guide the piston motion in liner and balance the lateral force caused
by the crank connecting rod mechanism, while the connecting rod is
attached to the piston by the piston pin, and the piston can rotate
Fig. 9. Duty parameter and friction force for FPE.
Fig. 10. Piston displacement and piston speed for FPE.
Table 4
Frictional loss from piston rings.
Parameter [Unit] CSE FPE
Top ring frictional loss [W] 298.9 323.6
Second ring frictional loss [W] 275.9 298.7
Oil ring frictional loss [W] 1724.6 1866.7
Total ring frictional loss [W] 2299.4 2489.0
Fig. 11. Piston skirt friction force comparison.
Fig. 12. Piston skirt friction power comparison.
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around the piston pin. However, as there is no side forces act on the
piston in the engine of FPE and the movement of the piston is linear, the
piston skirt could be removed, and the corresponding friction from the
piston skirt could be eliminated. As a result, the frictional loss from the
piston skirt calculated using Eq. (18) is 810.2W for the CSE, and 0W for
the FPE.
4. Valve train friction
The correlation used to estimate the valve train friction is shown in
the equation below (which excludes the camshaft bearing losses), and it
is about two-thirds of the total valve train frictional losses:
= −fmep C N n D
B L
{1 0.133( /1000) }
v
v v v
1.75
2 (21)
where fmepv is the mean effective pressure due to valve train frictional
loss (kilopascals), Cv is a coefficient (1.2× 104 with fmepv in kilo-
pascals); N is the engine speed (revolutions per minute); nv is the
number of valves; Dv is the valve diameter (mm); B is the engine bore
(mm); L is the engine stroke (mm).
Then the total frictional losses from the valve train system (include
the camshaft bearing), Pv can be predicted by:
=P fmep V N3
2
· (kPa)· (dm ) (rev/s)v v d 3 (22)
where Vd is the working volume of the engine.
The engine size and the valve configuration of the CSE are assumed
to be the same with that of the FPE, then frictional losses from the valve
train system of the CSE is supposed to be equal with FPE, which is
estimated to be 1724.4W.
5. Crank and bearing friction for CSE
The crankshaft friction contributions in the CSE come from journal
bearings, i.e. the connecting rod, the main and accessory or balance
shaft bearings, and their associated components. The journal bearings
are usually designed to provide minimum film thicknesses of approxi-
mately 2.0 μm [27]. The friction force in the bearing is given by [27]:
≈ ⎛⎝ ⎞⎠ =F πD L
πD N
h
π μD L N
h
( )μ ,fb b b b b b
2 2
(23)
where Db and Lb are the bearing diameter and length, h is the mean
radial clearance, and N is the shaft rotational speed.
On this basis, the frictional loss from the crank and bearing me-
chanism is estimated to 1508.9W for the CSE.
6. Linear electric generator friction for FPE
From the literature, there have been several types of linear electric
machine proposed for the FPE, and it was found that the appropriate
machine for this device that could meet the requirement was the per-
manent magnetic machine [33]. Moreover, a tubular cross section of
the translator was suggested due to high forces during the combustion
process. The forces acting on the translator would be equally dis-
tributed, which would have minimum mechanical impact on the
translator. Meantime, the net radial force between the armature and
stator will be eliminated, and the friction force between them will be
minimal compared with the ring friction force.
As can be found in the literature, the engine cold start-up of the FPE
could be implemented by operating the linear electric machine as a
motor to drive the piston reciprocate, and then reach the condition for
ignition. Successful engine could start-up has been reported with a
constant motor force of 110 N to overcome the ring friction force as
well as the compression force of the gas [8]. Meanwhile, the piston with
mover can be driven to move with a constant motor force of 60 N
[2,33]. As a result, the friction force from the linear electric generator is
supposed to be lower than 60 N, and it is assumed to be 30 N during the
operation of the system. The frictional loss from the linear electric
generator will be 265.4W from Eq. (18).
7. Discussions and conclusion
In this research, the friction mechanisms in the FPE and CSE are
investigated and compared. The main friction mechanisms are identi-
fied to be the piston assembly including three piston rings and piston
skirt, the valve train system, the crank and bearing system for the CSE,
and the linear electric generator for the FPE. Simulation models for
each friction mechanism are discussed, and frictional losses are calcu-
lated and compared in Table 5. It is noted that the engine indicated
power of the FPE is somewhat higher than that of the CSE, which can
also be found from the pressure–displacement diagram shown in Fig. 3
that the area enclosed of the FPE is larger. The FPE doesn’t show ad-
vantage on piston ring friction force over the CSE, and the frictional loss
from the piston ring is even higher. However, the elimination of the
crankshaft system reduces the frictional loss of the FPE, and the total
friction loss of the FPE is nearly half of the CSE.
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